A direct analytical beam formulation is developed for predicting the effective elastic stiffnesses and corresponding load deformation behavior of tailored box beams. Deformation of the beam is described by extension, bending, torsion, transverse shearing, and torsion related out-of-plane warping. The present analysis is developed without much dependence on thin-walled beam theory. Formulation of the analysis is in terms of a two-dimensional cross-section, instead of an infinitely thin contour enable stresses, strains, elastic properties to vary through the thickness of the beam walls in a manner consistent to the true laminated structure nature of the composite structure. This analytical model is very useful in studying non-classical phenomenon such as warping and in-plane elasticity. Governing differential equations for the extension, bending, torsion and shearing of the beam are derived using Newtonian approach. Validation studies are carried out for composite designs with no coupling, designs With varying degrees of extension-torsion and bending shear coupling, as well as • tdesigns with varying degrees of torsion-bending and extension shear coupling. The analysis is evaluated by correlation with existing experimental results.
1.INTRODUCTION
The benefits of advanced composite materials and a box-beam construction have been widely recognized by the aerospace community. Many primary structural components such as aircraft wing spars and the helicopter rotor blades now feature composite box-beam designs. These composite designs are lightweight and offer innovative characteristics, however, the inherit tailorability of composite structures has not been fully taken advantage of. In particular, the elastic coupling between several of deformations are typically not exploited in composite designs. These couplings such as bending-torsion and extension-torsion arise due to the anistropic or directional nature of fibrous composites. One of the most dramatic applications of this technology is the bending-torsion coupled composite structure to prevent divergence of swept-forward wings. Successful applications of composite box-beam structures require the development of new analytical tools, which are both sufficiently accurate and computationally efficient. Recent efforts toward the creation of new analytical tool for composite beams have led to the development of several finite element based methods. The finite element models provide varying degrees of analytical flexibility depending on the level of computational level required. Detailed finite element formulations have been used to capture a variety of non-classical phenomenon in composite beams and blades. For example, Borriet et al, [1] , Bauchau and Hong, [2, 3] , and Stemple and Lee, [4] , have investigated the effects of warping and large displacements wing specially designed beam finite elements or combinations of isoparametric elements. Although these methods are quite powerful, a certain amount of physical insight is often sacrificed in the formulation and the implementation of large scale discertized numerical solution. A number of direct analytical methods have also been formulated for thin-walled composite beams. Reissner and Tsai [5] developed shell analysis for bending, stretching and twisting of composite shell structure. Mansfield and Sobey [6] , developed a simple thin walled contour analysis and introduced the concept of aeroelastically tailored composite helicopter rotor blade. Bauchau [7] has also developed a thin-walled contour formulation using a refined approach to warping. Bicos and Springer [8] investigated the minimum weight design of a semi-monocoque (stringer and webs) composite box-beam using a reduced plate model. Libove [9] has also developed a thin-walled contour analysis, which is similar to the work of Mansfield and Sobey [6] . These direct analytical methods are typically based on combination of beam theory and classical lamination theory. Certain simplifying assumptions are made in order to obtain governing differential equations without discretizing the entire problem. In some cases the governing equations can then been solved directly [9] . Variational principles are to be used to determine approximate solutions [7, 8] . In addition to computational simplicity and speed, analytical formulations can provide valuable cause effect relationships and enhance physical understanding of non-classical phenomenon and elastic coupling effects. Despite the increased appearance of the aforementioned finite element and direct analytical methods during the past decade, the structural behavior of composite boxbeam is not yet thoroughly understood. Many of the methods which have been previously developed, especially the direct analytical methods, do not address all the non-classical effects, consequently, the importance of many non-classical structural posite box-beam construction has not been clearly phenomenon associated with com established and quantified. [9] . Variations in stresses, strains and, elastic properties through the thickness of the laminated beam walls must be treated in in approximate manner, which can be break down as wall thickness increases. The present analysis is developed without much dependence on thin-walled beam theory. Formulation of the analysis in terms of a two dimensional cross-section, instead of infinitely thin contour enables stresses, strains, and elastic properties to vary through the thickness of the beam walls in manner consistent the true laminated composite structure. This analytical detail is very useful in studying non-classical phenomenon such as warping and in-plane elasticity. Governing differential equations for extension, bending, torsion and shearing of the beam are derived using Newtonian approach. This method, in which applied forces and moments over the cross-section are reacted by the stresses within the beam walls, is very commonly applied in formal elasticity solutions. Another key element for the composite beam formulation is the manner in which two-dimensional anistropic elastic behavior of the beam walls is captured by one-dimensional beam theory. In other words Poison's effect can become more significant for certain composite designs. Both the strain-displacement and stress-strain relations are important to this critical issue. Methods for bridging this analytical gap are investigated and evaluated.
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The box-beam geometry and coordinates are shown in Fig.1 t Cross-section axis
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Fig(1): Box-beam Configuration
The cross-section axis origin is at the center of the beam section. The deformation of the beam cross-section is described by stretching, bending, twisting, shearing and warping. Therefore, the total beam displacements are given in the form:
Total axial deformation
It snould be noted that the term "warping" represents the out-of-plane axial displacement of the cross-section due to torsional deformation. This is commonly referred to as torsion-related warping. In the present analysis, the thin-walled beam theory, for free warping is modified to deterMine the shape of the warping deflections for a composite box-beam. The warping function is then transformed from contour form to two dimensional cross-section form .the warping function is then carried through the entire analysis, from the initial kinematics relations to the effective stiffness of the beam cross-section. It is important to note that this is the only point in the analysis when the cross-section is treated on the contour level of the th,in-walled beam theory. The warping function is defined along the contour as:
The enclosed area of the cross-section, A is: -A = b h (3) and the other contour parameters are defined as:- aw au (, aco) (3 az an
A'.
(13)
In the vertical walls:
c
In the engineering beam theory, the transverse in-plane normal strain does not enter the formulation. This is a natural consequence of the one-dimensional nature of the beam theory itself. However, when the walls of the box beam are made of laminated composite material plies transverse in-plane normal stresses and strains become a quite important. The anistropic elastic characteristics of the composite plies can result in highly two-dimensional elastic behavior. This become more apparent upon considering the stress-strain relationship for a single ply of composite material, generally oriented. Using the notation given in reference [10] , the elastic constitutive relations are: -
Q31 where
• subscript x denotes stress or strain of the ply in the longitudinal in-plane direction.
• subscript y denotes stress or strain of the ply in the transverse in-plane direction.
• subscript xy denotes stress or strain of the ply in the in-plane direction.
Coupling between extension and in-plane shear within the composite ply is the source of the elastic couplings in composite structures. For unidirectional fiber plies at orientation angles of 0 and 90 degrees, coupling stiffness terms Q13 and Q23 are zero. It should be noted that, subscript y in the above notation would correspond to ri in the horizontal walls and C in the vertical walls. The specific manner in which the two-dimensional nature of composite walls is captured by one-dimensional beam theory is an important issue in the composite box-beam analysis. In the present direct analytical model, three different methods have been examined to handle this problem.
Method 1:
The first method is the closest one to the engineering beam theory. It is based on the following: -
• initial kinematic assumptions about the beam deformations E y=0 . and
• Gy has no effect on the resultant forces and moments acting on the cross-section. These conditions result in a simplified form of the ply elastic constitutive relations, &yen as follows: - This is equivalent to setting the resultant in-plane transverse force and in-plane bending moments due to transverse normal stress to be zero. The transverse inplane strain, Ey, is determined to satisfy these conditions. In order to prescribe Ey, this strain must be written in general form as a continuous function within the crosssection. E = f ,w +ci"u" + fy" v" +f cez$ +f ,rz +f ,9\ +f"9" (25)
Where the coefficients of the deformation are linear functions within the crosssection; i.e. =ao +airi+a2 (26a) fu" =b,, +b,ri +b24 (26b) fv" =ca +ciri +c2 (26c) f , =do +diii+d2 (26d)
The constants a0, al, a2 etc. are determined from the three conditions on the in-plane stresses (equations (23a),(23b) and (23c)). Once the in-plane strain function is fully determined in terms of the elastic constants and cross-section geometry, Ey is removed from the constitutive relations, e.g. (15), by substitution. Note: cxx in beam notation is equivalent to Ey in ply notation. By substituting the strain-displacement relations, eql (12), (13) and (14) into the stress-strain relations, as expressed for each method, the stresses within beam walls can be related to the displacements of the box-beam cross-section. The resultant forces and moments acting over the cross-section can be related to the stresses in the beam walls from the following equilibrium conditions: --Axial force The system of differential equations will be:- in such case, the system of differential equations, Eq(27), can be splitted into two systems of differential equations:
It should be noted that the bending and torsion of the box-beam is not elastically coupled to the extension and shearing of the beam. 
